Total materials requirement (TMR) for the recycling of elements and materials (Urban Ore TMR) from end-of-life electric home appliances (cathode ray tube TV, liquid crystal display TV, refrigerator, washing machine, air conditioner and microwave oven) have been estimated and evaluated. The estimation were carried out using scenario analyses, in which the number of recycled elements and/or materials was changed considering additional energy for advanced recycling. As the results of the estimation, the urban ore TMR of gold, silver, copper and stainless steel were lower than TMR when they are smelted from natural ore (natural ore TMR) for all the scenarios. The urban ore TMR for iron (steel), aluminum and die-casting aluminum were mainly affected by the dilution ratio using pure element for the recycling. The recyclability of the elements and materials are discussed from the view point of TMR.
Introduction
In Japan, total input and output of resources in 2006 were about 1.8 billion ton and 1.1 billion ton, respectively, indicating that net increase of social stock was 0.75 billion ton. 1) Considering that the stock appears to increase in the future, we should recognize the stock as a newly potential resource. We can say that the concept of ''Urban mine'' proposed by Nanjo in 1988 2) was forward-looking concept. Here, since electronics includes relatively higher concentration of metals (especially, scarce (rare) metals), they are regarded as metal ore in our society or as ''Urban ore''.
End-of-life electric home appliances (EoL-EHA) are some of the candidates as urban ore not only since it includes rare (scarce) metals but also since their amounts are relatively large. According to our previous report, 3) the electric home appliances (EHA) of television, refrigerator, washing machine and air conditioner were annually produced about 27 million units (1.1 million ton) in 2006.
The effective utilization of the urban ores seems to be one of basic principles for sustainable development. However, it seems to be practically difficult. Although technical limitation or cost-efficiency are possible reasons, it can be thought as a disincentive that there is few indices which can evaluate whether an element should be smelted from natural ore or recycled from urban ore considering resource efficiency.
From these standpoints, authors examined a simple evaluation method in which the elemental concentration in natural/urban ore was used as an index, 4, 5) then proposed a developed evaluation method using total materials requirement to smelt/recycle the element from natural/urban ore. 6) In the proposed method, the former was defined as ''natural ore TMR, NO-TMR'', and the latter ''urban ore TMR, UO-TMR''. Both indices account for not only direct and indirect input but also hidden flow from respective ores to the element, and therefore they can be regarded as similar index to Materials Intensity. 7) In Japan, based on ''the 2nd Fundamental for Establishing a Sound Material-Cycle Society'', which was decided in a cabinet meeting on 25 March 2008, Japan decided to furthre enhance activities to establish a sound material-cycle society domestically and TMR was introduced as one of the important indices to evaluate the sound material-cycle society. 8) However, the accumulation of TMR data is not sufficient. As for the NO-TMR, it was energetically estimated by Halada et al. for more than 60 elements. 9, 10) In addition, Nakajima reported the NO-TMR of some materials such as diesel oil, plastics and wooden materials. 13) However, as far as investigated, very few data is reported for UO-TMR excluding our estimation on Au, Ag, Cu, Fe, Al, In, Ta and plastics from mobile phone and laptop PC. 6, 11, 12) The aim of this study is to estimate and to evaluate UO-TMR of elements and materials from EoL-EHA. Based on the results, we can compare the urban ore and natural ore on the same footing considering not only direct and indirect inputs but also hidden flow, that is, environmental disturbance.
Method

Target appliances
In this study, cathode-ray tube TV (CRT), liquid-crystal display TV (LCD), refrigerator (RF), washing machine (WM), air conditioner (AC) and microwave oven (MO) were selected as EoL-EHA. Although MO is not acturally obligated by Japan's ''Home Appliance Recycling Law'' as of today, it is assumed in this study that MO is recyled by means of same way as the other EoL-EHA. Table 1 shows the data of composition used for the estimation. These values are based on the interview investigation, and detailed data can be referred in author's previous report.
14)
Scenario
The following scenario analyses were carried out assuming that EoL-EHA are taken back at the 380 designated take-back sites, followed by the recycling processes at the 38 recycling plants through dismantlement, shredding&separation and smelting processes: 15) (1) Low-level-elemental-recycling scenario:
In this scenario, it was assumed that EoL-EHA were recycled together with other waste products such as business equipments, vehicles and industrial machines. This scenario corresponds to the conventional recycling process prior to the enforcement of ''Home Appliance Recycling Law'' in Japan (1 April 2001).
16)
The manual dismantlement is firstly conducted and its energy input is ignorable. The needed energy for shredding and separation processes is not so much. As the result, scrap iron, scrap aluminum, scrap copper, glass caret, mixture of other metals and shredder dust are obtained from the EoL-EHA. Thus, in this scenario, it was assumed that iron (steel), aluminum, copper (excluding copper originated from printed-circuit board (PCB)) and glass caret can be recycled.
Here, it was also assumed that the impurities in scrap iron were controlled by the dilution treatment using pure iron (steel). In the case of aluminum scrap, following two subscenarios were assumed; (1) recycling as wrought aluminum using a dilution process with pure aluminum made from natural ore, (2) recycling as die-casting aluminum by adding copper and silicon made from natural ores. (2) High-level-elemental-recycling scenario:
This scenario corresponds to the advanced recycling process after the enforcement of ''Home Appliance Recycling Law'' in Japan (1 April 2001). 16) In this scenario, the manual dismantlement was firstly conducted but its energy input cannot be ignored because more advanced electric tool should be used for longer time. The more energy is needed for shredding and separation process than that in scenario 1. As the result, scrap PCB can be obtained as well as scrap iron (steel), scrap aluminum and scrap copper, etc. Thus, in this scenario, gold, silver and copper in the scrap PCB can be recycled as well as the metals and glass caret as obtained in the case of scenario 1. As for iron (steel) and aluminum, same sub-scenarios as the scenario 1 were assumed. (3) High-level-elemental/material-recycling scenario:
In this scenario, stainless steel in scrap iron and die-casting aluminum in scrap aluminum are recycled as stainless steel and die-casting aluminum, respectively using a further advanced shredding and separation process. The scrap iron (steel) without stainless steel and scrap aluminum without die-casting aluminum are recycled as bar steel and wrought aluminum, respectively, using the dilution processes. (4) High-level-elemental/material/plastic-recycling scenario:
In this scenario, plastic is additionally reclaimed in addition to scenario 3. Concretely, remaining residual in the scenario 3 (its content is same as that in the scenario 2) is subjected to an advanced shredding and separation process for plastics.
Detailed data
The detailed data and assumptions for the estimation are explained as follows; 2.3.1 System boundary Figure 1 shows the system boundary of the UO-TMR estimation. In the framework of UO-TMR, the un-recycled components are defined as ''urban tailings''. It is found from the figure that the any inputs at the in-use stage of EHA are not accounted for. In order to compare the estimated UO-TMR with reported NO-TMR 9, 10) on the same footing, any treatments of urban tailings such as detoxifying treatment are regarded as out of the boundary.
6)
Transportation
As mentioned above, the EoL-EHA are taken back at the 380 designated take-back sites, followed by the recycling processes at the 38 recycling plants. It is assumed that the number of EoL-EHA in each prefecture is proportional to the number of households in the prefecture, and the EoL-EHA belonging to A group and B group 15) are separately transported using truck by land.
The road distance was estimated using ''the support system for driving plan, SMAP ver.3 17) ''. Since the SMAP covers limited cities, the road distances between uncovered cities by SMAP were estimated from their direct distances. Concretely, we used conversion equation of ''x rd ¼ 1:37 Â x dd '', which can be determined from the relationship between the road distance estimated by SMAP (x rd ) and the direct distance (x dd ) 18) for 47 cities in Japan (correlation coefficient: 0.987).
Here, it is also assumed that total load distance for EoL-EHA transportation ðxÞ is expressed as follows;
x ¼ ðroad distance from consumer to take back site, x 1 Þ þ ðroad distance from take back site to recycling plant, x 2 Þ; ð1Þ where x 1 and x 2 were estimated in the following manner;
As for x 1 , firstly, the average covering area per take-back site for each prefecture a is defined by deviding the area of prefecture, A, 18) by the number of the take-back sites in the prefecture, n, 15) that is, a ¼ A=n. Furthre assuming that each take-back site circularly covers the inside of the prefecture, r=2 which is calculated from the equation of a ¼ r 2 seems to be representative value of average direct distance from consumers to the take-back sites in the prefecture (r can be thought of as maximum direct distance covered). Thus, in this study, the representative value of average load distance was estimated using the equation of x 1 ¼ 1:73 Â r=2. As the results of estimation, the x 1 were obtained 13.4 km for A group and 13.5 km for B group.
In the case of x 2 estimation, the EoL-EHA were furthermore transported to from a take-back site to the closest recycling plant among 30 plants for A group, 16 plants for B group and 2 plants for both groups. In case that a take-back site and a recycling plant do not locate in the same prefecture, the load distance between the prefectural capitals was used as a representative value. On the other hand, in case that the take-back site and the recycling plant locate in the same prefecture, the similar method to the x 1 estimation was used. Namely, the representative value of average direct distance from the take-back site to the recycling plant was determined from the average covering area per recycling plant in the prefecture. As the result, x 2 were obtained 47 km for A group and 69 km for B group. Accordingly, the total load distance for EoL-EHA transportation, x, was estimated to be about 71 km in average. This result is about half of the total transportation distance for the recycling of mobile phone or laptop PC, namely, 140 km.
12)
The reason for this is that the number of recycling plant for EoL-EHA is more than that for mobile phone or laptop PC. Finally, TMR for the transportation was calculated using the TMR value of diesel oil, 0.47 g/kgÁkm. Table 2 shows the energy input for each process. In the case of scenario 1 and 2, the needed energy for the processes of shredding and separation was obtained from the data book for LCA software (JEMAI-LCA Pro). 16) For scenario 3, the needed energy for the advanced shredding was obtained to be 0.086 (kWh/kg) by interview investigation (shredding machine: rated wattage: 12,000 kW, 10;000$12;000 horse power, operation: 20 h/day Â 20 days Â 12 month, capacity: 670,000 ton/year). Here, the needed energy for the separation of stainless steel and die-casting aluminum was ignored. For scenario 4, since Hirose et al. reported the CO 2 emission coefficient (0.21 kg-CO 2 ) to reclaim 1 kg of plastics from EoL-EHA, the needed energy for plastic recycling was estimated to be 0.46 kWh/kg using the specific CO 2 emission for electricity 0.453 kg-CO 2 /kWh. 20) In the recycling process for gold, silver, copper, iron and aluminum, it was assumed that well-established conventional recycling processes [21] [22] [23] [24] are applied. After the separation processes, scrap iron is recycled as bar steel using an electric arc furnace, and scrap aluminum and (wire-shaped) copper are re-melted. Mixtures including gold, silver and copper from PCB were subjected to the copper recycling process, resulting in the recycling of gold and silver as by-products. The specific energy and material consumption data were estimated based on Morii's report 21) and the NIMS-EMC MDE reports, [22] [23] [24] respectively. For the allocation of shared inputs and flows such as energy for melting (and, of course, transportation and shredding, etc.), since Halada et al. 10 ) and Nakajima 13) implemented a formula based on monetary value, we also employ the same manner.
13)
Recycling processes and dilution ratio
As for the dilution process in scenarios 1 and 2, following assumptions were used; The compositions of stainless steel and die-casting aluminum are Fe-18 mass%Cr-8 mass%Ni (SUS304) and Al-2 mass%Cu-10 mass%Si (ADC12), respectively. For the scrap iron, allowable concentration of chromium in the recycled bar steel is 0.2 mass% considering the fact that observed value of chromium in bar steel is about 0:15$0:2 mass% from 1987 to 2008. 25) The chromium in the stainless steel is initially diluted by chromium-free scrap iron, and furthermore diluted by pure iron (steel). The scrap iron other than stainless steel is diluted by 1.5 times considering the fact that about 0.6 mass% of copper is unavoidably mixed in the scrap iron by the shredding process 26) and the allowable concentration of copper in bar steel is 0.4 mass%. 27) Of course, the contaminating copper into the scrap iron cannot be recycled. For the scrap aluminum, it was said that 0.3 mass% of iron is mixed in during shredding process. 28) In the case of recycling as die-casting aluminum, since die-casting aluminum accepts about 1 mass% of iron contamination, no dilution process is considered. On the other hand, in the case of recycling as wrought aluminum, 0.05 mass%, which value is the solid solubility limit of iron into aluminum, 29) is assumed to be allowable concentration of iron.
For the comparison, the reported NO-TMR by Halada et al. 9, 10) were used for gold, silver, copper, iron and aluminum, and the average value of Nakajima's data 13) for several plastics was used for NO-TMR of plastics. On the other hand, since there is no TMR data for stainless steel and die-casting aluminum, they are estimated from the data of ''Material Intensity (MIT)'', 30) which is estimated based on the similar concept to TMR. Figure 2 shows the relationship between the reported NO-TMR and the MIT using double logarithmic plot. It is found from the figure that both indices shows the good linearity. From the reported values of MIT for stainless steel (16.2 (kg/kg)) and die-casting aluminum (8.1 (kg/kg)), 30) the TMR of stainless steel and die-casting aluminum were estimated to be 17.9 (kg/kg) and 8.8 (kg/kg), respectively. It should be noted that die-casting aluminum is practically produced by the mixture of various scrap aluminum. Since the MIT data of die-casting aluminum seems to be estimated considering this fact, thus, the aboveestimated TMR for die-casting aluminum should be rather regarded as UO-TMR than NO-TMR. Figure 3 shows the estimated UO-TMR for scenario 1 compared with NO-TMR, where scrap aluminum is recycled as wrought aluminum. It is found from the figure that UOTMRs of copper were lower than NO-TMR for all the EoL-EHA, indicating the less environmental disturbance. On the other hand, as for iron and aluminum, their UO-TMRs were more or less the same values as NO-TMR. This is due to the material input for dilution process. For example, in the case of refrigerator, the estimated UO-TMR for iron and aluminum were 11 and 56 (kg/kg), respectively, and the TMRs originated from the dilution process account 68% and 88% of total, respectively. Figure 4 shows the estimated UO-TMR for scenario 1, where scrap aluminum is recycled as die-casting aluminum. It should be noted that UO-TMRs of copper and iron were compared with NO-TMR, while that of die-casting aluminum was compared with the TMR estimated from MIT. It is found from the figure that UO-TMR of die-casting aluminum was lower than that of wrought aluminum as shown in Fig. 3 . The estimated UO-TMRs of die-casting aluminum were greater for all the EoL-EHA than TMR estimated from MIT. The reason for this would be that the estimated UO-TMR reflects Fig. 3 The estimated UO-TMR for scenario 1 compared with NO-TMR assuming that aluminum scrap is recycled as wrought aluminum. CRT denotes cathode-ray tube TV, LCD, liquid crystal display TV, RF, refrigerator, WF, washing machine, AC, air conditioner and MO, microwave oven. the inputs of copper and silicon to control the composition, while the estimated TMR from MIT seems to reflect the practical manner, in which the die-casting aluminum is produced almost from scraps. Thus, it can be thought that the obtained results are reasonable. The reason for the greater UO-TMR of LCD is that no die-casting aluminum was used in the LCD as far as our investigation, resulting in larger amounts of copper and silicon inputs. Figure 5 shows the breakdown of above results. For all the elements/material, the ratios of transportation are not so high, whereas the contributions of urban tailings for copper, materials inputs for iron and aluminum and materials input and urban tailings for die-casting aluminum are very large. The main reason for larger contribution of urban tailings for copper is the larger allocation due to higher the market price of copper than other elements/material.
Results
Scenario 1
Scenario 2
The estimated UO-TMRs for the scenario 2 in the cases that scrap aluminum is recycled as wrought aluminum and as die-casting aluminum are shown in Fig. 6 and Fig. 7 , respectively. And their breakdown are shown in Fig. 8 .
The estimated UO-TMR for gold, silver and copper were lower than NO-TMRs. This result means that gold, silver and copper can be recycled with lower TMR than the smelting from natural ore even though about twofold energy was input for the advanced shredding and separation process compared with the conventional process as seen in Table 2 .
UO-TMRs for copper, iron, aluminum and die-casting aluminum were almost as much as or a little greater than UOTMRs of scenario 1. The possible reason for this similarity is thought to be that the increase in TMR due to the advanced shredding process balances out the decrease due to the increased number of recyclable elements. However, it should be noted that the ratio of urban tailings is decreased compared with scenario 1 as shown in Fig. 8 since the most of urban tailings (shared TMR) is allocated to gold or silver due to the allocation manner by monetary value.
Scenario 3, 4
The estimated UO-TMRs for the scenario 3 and 4 are shown in Fig. 9 and Fig. 10 , respectively, and their breakdowns are shown in Fig. 11 .
For the scenario 3, the estimated UO-TMR for iron was lower than NO-TMR, while UO-TMR for aluminum was still almost same as NO-TMR. The reason for this is that the dilution ratio for aluminum is 6 times, while that for iron is 1.5 times. The effect of dilution on UO-TMR will be discussed in the next section. Focusing on the materials recycling, the estimated UO-TMR for the stainless steel (SUS) was approximately half of NO-TMR, and UO-TMR of die-casting aluminum became lower than the TMR estimated from MIT. It should be noted that the needed energy for materials separation is not considered in this scenario. This issue will be also discussed in the following section.
For the scenario 4, the estimated UO-TMR for plastic was lower than NO-TMR despite of the much more energy input for shredding and separation than those for scenario 1$3. By the plastic recycling, UO-TMR of other elements/materials decrease furthermore. The reason for this is that the Fig. 5 The breakdown of the estimated UO-TMR of washing machine for scenario 1. Fig. 7 The estimated UO-TMR for scenario 2 compared with NO-TMR assuming that aluminum scrap is recycled as die-casting aluminum. CRT denotes cathode-ray tube TV, LCD, liquid crystal display TV, RF, refrigerator, WF, washing machine, AC, air conditioner and MO, microwave oven. ) composition of plastic in the EoL-EHA is high and its recycling contributes to the reduction in urban tailings. Figure 12 shows the average of the estimated UO-TMR. It is found that UO-TMR decreases with increasing the scenario number, that is, with introducing advanced recycling technologies. This indicates that the advanced recycling technologies considered in this study result in lower environmental disturbance from the viewpoint of TMR although they need more energy.
Evaluation of Total Materials
Requirement for the Recycling of Elements and Materials (Urban Ore TMR
Discussion
Evaluation of elemental/material recyclability from the viewpoint of TMR
It is also found from the figure that the decrease in UO-TMR appears prominently in the plastic recycling (scenario 3 ! 4), which tendency cannot been observed in the case of mobile phone and laptop PC. 6, 11, 12) This is due to the ratios of plastic in the EoL-EHA are higher than those in the mobile phone and laptop PC.
Effect of dilution process
In the cases of iron and aluminum, their UO-TMRs do not decrease so much with increasing scenario number. This is due to the large amounts of materials (pure elements) input for the dilution processes. If no dilution is considered, UOTMRs of aluminum are 7 (kg/kg) for scenario 3 and 3.3 (kg/ kg) for scenario 4. In the case of iron, 3.3 (kg/kg) for scenario 3 and 3.0 (kg/kg) for scenario 4. Figure 13 shows the relationship between the UO-TMR and the amount of additional input of pure element for the dilution. It is found that UO-TMR drastically increases with increasing the amount of input.
In order to avoid this, the promotion of the recycling without dilution process is important. In the actual recycling process, scrap iron is not recycled as ordinary steel but bar steel, and scrap aluminum not wrought aluminum but die-casting aluminum in general because allowable concentrations of contamination are higher. Furthermore, mixture of different kinds of scrap is a useful technique to avoid the excess of the contamination. Daigo et al., 31) Yamada et al. 32) and Tatsumi et al. 33) have proposed models to analyze the optimum mixture of scraps. Although they are cascade recycling, it is also effective from the view point of TMR. Fig. 9 The estimated UO-TMR for scenario 3 compared with NO-TMR.
CRT denotes cathode-ray tube TV, LCD, liquid crystal display TV, RF, refrigerator, WF, washing machine, AC, air conditioner and MO, microwave oven. 4.1.2 Allowable energy inputs for the separation processes of stainless steel and die-casting aluminum from the scraps The advanced separation process together with the advanced shredding for each component of EoL-EHA seems to be effective to avoid the dilution process. Although the scenario 3 reflects this effect, the needed energy for separation was not considered (only considering the advanced shredding process), indicating the underestimation of UO-TMR for stainless steel and die-casting aluminum in scenario 3 and 4.
The additional energy for separation causes the increase in UO-TMR for iron and stainless steel or aluminum and die-casting aluminum. Then, the maximum energy for the separation in order not to exceed their NO-TMR was investigated. Table 3 shows the estimated maximum energy for the separation process.
As shown in the table, the allowable energy for the separation process of stainless steel from scrap iron varies from 0:14$0:82 kWh/kg (0.44 kWh/kg in average), and 0:05$1:59 kWh/kg (0.87 kWh/kg in average) for die-casting aluminum from scrap aluminum. These values might be acceptable compared with the energies in Table 2 .
Elemental concentration of natural ore equivalent
In the previous paper, 6) author proposed ''Elemental concentration of natural ore equivalent (ECNOE)''. Concretely, the relationship between the NO-TMR and the elemental concentration in natural ore can be expressed as follow;
where x and TMR NO indicates the elemental concentration in natural ore (%) and NO-TMR, respectively. Then, the ECNOE is defined as follow;
where x ECNOE and TMR NO indicates the ECNOE (%) and UO-TMR, respectively. Although the ECNOE is essentially similar index to UO-TMR, ''elemental concentration'' can be thought easily understandable unit for non-expert people. Figure 14 shows the estimated ECNOE normalized by the elemental concentration of natural ore. When the normalized ECNOE is higher than 1, the urban ore can be thought as higher-grade ore than its natural ore. For the scenarios 2 and 4, the ECNOEs for mobile phone and laptop PC are also plotted using the symbols of '' '' and '' '', respectively. 11) It is found from the figure that the order of ore-grade was Au $ Cu > Ag > Fe $ Al from the view point of normalized ECNOE. Also, most elements in mobile phone and laptop PC shows the higher grade compared with those in the EoL-EHA. However, copper in the case of scenario 4 and gold in the laptop PC show lower grade than the EoL-EHA. The reason for this is that the ratio of copper in the EoL-EHA is generally higher, gold was accompanied by relatively large ratio of urban tailings such as liquid crystal panel.
Other issues in this paper
The yield rate of recycling process was not considered in this study. For example, cathode-ray tube for CRT-TV is recycled as glass caret but 40% of it is not recycled based on our interview investigation. Taking into account the contribution of yield rate, UO-TMR will increase due to the increase in urban tailings. Thus, the estimated UO-TMR in this study can be thought of as potential value. Nakajima et al. developed the evaluation method of metal resources recyclability based on thermodynamic analysis, and made clear the element distribution among gas, slag and metal phases during metal recovery. 34) In near future, UO-TMR considering the yield rate will be estimated by applying their method, resulting in the reflection of the actual condition.
Besides, as mentioned in the section 2.3.1, any special treatments for urban tailings such as detoxifying are not considered in the framework of UO-TMR to be compared with NO-TMR. Therefore, it may be mislead that no recycling contributes to the lowest TMR. In order to evaluate the optimal recycling method, an expanded UO-TMR considering the treatment of urban tailings should be introduced. This issue will be presented in a later publication. Fig. 14 Elemental concentration of natural ore equivalent for each scenario.
Conclusion
In this study, the urban ore TMRs (UO-TMRs) for the recycling of elements and materials from EoL-EHA (cathode ray tube TV, liquid crystal display TV, refrigerator, washing machine, air conditioner and microwave oven) were estimated.
It was found from the estimation that the estimated UOTMRs of gold, silver, copper and plastic were lower than their NO-TMR for all the scenario and EoL-EHA. Scrap aluminum should not be recycled as wrought aluminum but die-casting aluminum from the viewpoint of TMR, which is same as current recycling situation. Although the additional energy input for separation process of stainless steel from scrap iron or die-casting aluminum from scrap aluminum, the UO-TMRs of stainless steel and die-casting aluminum were possibly lower than NO-TMR of stainless steel and TMR of die-casting aluminum estimated from MIT, respectively.
According to the evaluation using the elemental concentration of natural ore equivalent (ECNOE) normalized by the elemental concentration of natural ore, the order of ore-grade was Au $ Cu > Ag > Fe $ Al.
